Introduction
Since December 2016, Brazil has been affected by an unusually large and expanding yellow fever (YF) outbreak, with over 3500 suspected cases reported and several hundred deaths [1] . Descriptive epidemiologic evidence suggests that the outbreak so far shows a sylvatic transmission pattern, with human infections being acquired from nonhuman primates (NHP) via forest-associated mosquito species [1] . However, recent research has identified urban mosquito vectors to be competent for transmission of YF virus (YFV), suggesting a risk of reemergence of urban YF in Brazil [2] . In the context of the present outbreak, only two complete NHP YFV genomes from a single geographic location have been sequenced so far [3] . The lack of genome data is of concern for public health, as it hinders the distinction between sylvatic YF that is endemic in Brazil [4] and urban YF that would require high-priority public health interventions. To elucidate transmission cycles, we aimed to phylogenetically characterize YFV strains from three of the most affected Brazilian states.
Methods
Human specimens were sent for diagnostics by attending physicians. NHP samples were sent within flavivirus surveillance programs to the Flavivirus Reference Laboratory of the Oswaldo Cruz Institute. Genomic sequencing of YFV strains is routinely done to differentiate between wild-type YFV infection and vaccine-associated adverse effects [5] . The study was approved by the institutional research ethics board under protocol IOC 274/05. Samples originated in the states of Minas Gerais (MG), Espírito Santo (ES) and Rio de Janeiro (RJ), areas massively affected by YF since 2016 [6] . YFV infection was confirmed by real-time RT-PCR [7] . YFV genomes were amplified by overlapping nested RT-PCR assays and were Sanger sequenced ( Supplementary Table S1 ).
Results
The median age of human patients was 43 years (range, 1.5e71 years). A total of 71.4% of the affected subjects lived in rural areas (Table 1) . Adult age and rural origin of the cases in this study were consistent with data from Brazilian authorities identifying rural workers aged 20 to 43 years as the most exposed group during the current YF outbreak [1, 8] . Only four subjects lived in urban areas, all with a history of travel to rural areas. Only one of the patients reported previous YF vaccination, but the subject reported YF symptoms at the time of vaccination.
All viruses detected clustered in a distinct sister clade to YFV strains obtained from humans and NHP in Brazil and Venezuela between 2000 and 2010 ( Fig. 1(A) ). From one of the human cases and one NHP in our study, the YFV polyprotein gene could only be characterized at about 80% completeness. To maximize the representation of NHP in our data set, we conducted a separate phylogenetic analysis including these two partially characterized polyprotein genes (asterisks in Fig. 1(B) ). In both analyses, a YFV strain obtained from a NHP clustered in phylogenetically basal position to the other YFV outbreak strains. Additionally, two apically clustering viruses from NHP were more closely related to strains from humans than to other strains derived from NHP. This tree topology pointed at a higher YFV genetic diversity in NHP than in humans and was consistent with the evolution of the outbreak strains in NHP reservoirs.
Within the data set including all YFV strains from this study and the two previously published strains [3] , two to 28 mutual nucleotide differences translating to up to eight amino acid differences were observed. In the description of the two previously characterized YFV genomes from this outbreak, eight unique amino acid residues located in the C, NS3 and NS5 domains were found compared to other YFV strains [3] . Indeed, all these eight residues were conserved in our larger genomic data set. However, the previously described strains were genetically closely related [3] . In our larger data set, 55 synonymous (dS) and 27 nonsynonymous (dN) exchanges were observed between YFV outbreak strains ( Fig. 1(C) ). Whether any of the mutations in the outbreak strains or a combination thereof may alter the virus phenotype will therefore require careful investigation.
To further elucidate transmission cycles, we analysed the polymorphic sites within all YFV strains from this study as well as the two previously published strains [3] . As shown in Fig. 1(D) , six clades could be differentiated by unique mutations. Three YFV strains from human cases (termed 2e4 in Fig. 1(D) ) showed unique mutations that were not shared by any other virus. This pattern might be expected upon human-to-human transmission. However, these three lineages showed relatively high mutual sequence distances of nine to 16 nucleotide exchanges located in different parts of the virus genome. This spoke against their evolution during human-to-human transmission and instead suggested a common source of all viruses in NHP. Two larger viral clades (termed 5 and 6 in Fig. 1(D) ) contained signature mutations in the nonstructural domains NS2b, NS3, NS4b and NS5, irrespective of strain origin from humans or NHP. No evidence for site-specific diversifying selection was observed in human YFV strains [9] . The mean dN/dS ratio in the complete data set was low, at 0.14 (95% confidence interval, 0.08e0.23), which was similar to a previous analysis showing strong purifying selection in YFV [10] . Clade 5 appeared to be restricted to a region in the hinterland of the ES state ( Fig. 1(E) and (F)). In contrast, clade 6 contained viruses sampled across distances exceeding 200 km along the Brazilian coast ( Fig. 1(E) and (F)).
Discussion
A striking attribute of the current YF outbreak is its geographic extension, with cases having been reported across 2000 km [1]. This vast extent would be most compatible with human movement and transmission, as suggested by phylogeographic analyses indicating that the currently circulating YFV strain may have originated from an ancestor imported to Brazil from Trinidad and Tobago [11] . Although limitations of our study include the restricted geographical coverage that precludes geographically representative conclusions, the coastal distribution of one of the YFV clusters we observed may be consistent with virus transfer aided by human movement.
However, our molecular and epidemiologic data were not supportive of predominantly human-to-human transmission. Instead, the rural origin of the human cases in our study, together with the lack of signal for molecular adaptation of YFV strains to human hosts, suggested predominantly in situ sylvatic transmission and maintenance. This has been observed in shorter time spans during epidemics, and it is believed that in situ maintenance shapes the evolutionary dynamics of YFV genotype I [11] . Additionally, cocirculation of two distinct YFV clades occurring in humans and NHP at the same time suggests parallel existence of multiple sylvatic transmission cycles. Geographically representative genomic data sets will be needed from human cases, NHP and potential mosquito vectors involved in sylvatic or urban cycles [2, 12, 13] to permit assessments of other YF foci that were not covered in our study, confirm the factors responsible for the expansion of YFV in Brazil and discover if human-to-human transmission plays a role in YFV dissemination.
Finally, we cannot exclude a reporting bias, potentially causing unrelated sylvatic foci to be confused with a large contiguous outbreak. Hypothetically, such a reporting bias may be caused by raised awareness for arbovirus infections due to the Zika and chikungunya virus outbreaks affecting Brazil during the last years [14] . Brazil is responding to the outbreak by large vaccination programmes, which will be required to prevent further expansion and potential reoccurrence of urban cycles [15] .
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